Abstract. The uplifted and partly re-exhumed basement of the Neogene Pannonian basin was investigated by the apatite fission track thermochronometer along the marginal belt to the Eastern Alps and the Western Carpathians. In some zones the reset Late Miocene apatite FT ages and the high organic maturation of the Neogene sediments give evidences on the high magnitude of the post-Middle Miocene sediment removal. Thermal modeling of the fission track data allows to quantify this removal and to conclude that its magnitude in the investigated sites was in the range of 1-1.5 km. In this paper we review the thermochronologic data and integrate them with the seismic, structural and sedimentological evidences on the Late Miocene-Pliocene erosional phases.
Introduction
Although the Pannonian basin is mentioned as a type example for basins formed by continental rifting in many textbooks and syntheses, e.g. in the Pannonian Memoir of Royden and Horváth (1988) , it actually represents an inverted basin (Horváth and Cloething, 1996) . Evidences support this, like the lack of actual sediment accumulation in a significant part of the basin system. The Cenozoic sediments are under erosion in considerable areas and the hilly landscape is as typical as the alluvial plains within the basin frame. The digital elevation model of the Pannonian basin clearly shows that the basin sediments are under erosion at the northern and western margins, nearly in the whole Transdanubia and in the entire Transylvanian basin (Fig. 1) . Isolated, deeply eroded sediment remnants of Miocene age are found in elevated positions in the Alps close to their eastern termination and also on the karstic plateau of the Bükk mountains in the innermost Western Carpathians. These occurrences
Correspondence to: I. Dunkl (istvan.dunkl@uni-tuebingen.de) prove the much broader extent of the sedimentary cover in Miocene time. The elevation of these sediment remnants exceed 800 m a.s.l. reflecting young faulting with significant vertical displacement (Tari, 1988) . This fault generation was also found in the internal part of the Pannonian basin (Csontos, 1995; Tari et al., 1999) . The inversion is a widespread phenomenon and the young flank uplift of the basin system was also reported from the eastern margin in the Apuseni mountains and along the Eastern and Southern Carpathians (Sanders, 1998; Bojar et al., 1998; Willingshofer, 1999) .
The aim of this paper is to evaluate the post-Middle Miocene uplift of the crystalline foot-hills of the Alps and Western Carpathians, using apatite fission track (FT) analysis and combining this information with structural data.
Late Miocene and Pliocene tectonics of Eastern Alps
The post-collisional tectonic evolution of the western Pannonian basin and its frame in the Eastern Alps and Western Carpathians is dominated by large-scale extension as a response to Eocene-Oligocene collision, nappe stacking and crustal thickening, as well as continuing plate convergence (e.g. Ratschbacher et al., 1991; . A steep gradient in topography and crustal thickness towards the Intra-Carpathian basin characterized the Eastern Alpine and Western Carpathian chains. The Intra-Carpathian basin (the present Pannonian basin) experienced substantial E-W extension in Early and Middle Miocene times, due to its back-arc position above the retreating subduction zone and continued N-S convergence (Royden et al, 1982) .
The extension, a combination of gravitational collapse and escape of tectonic blocks ("lateral tectonic extrusion"; e.g. Ratschbacher et al., 1991) , affected the Eastern Alps and the Western Carpathians as well as the present basement of the Pannonian basin. Its main expressions are horstgraben structures (mainly in the basement of the Pannonian basin), a conjugate strike-slip fault pattern, the formation of faultbounded sedimentary basins, subduction-related volcanism, and a number of topographic features (Szabó et al., 1992; Székely et al., in this volume) . Sedimentation was characterized by lateral spreading from localized basins to a largely coherent sediment sheet drowning the extensional features (Sachsenhofer, 1992; Sachsenhofer et al., 1997) .
According to paleomagnetic results, large parts of the Eastern Alps east of the Tauern window, the Inner Western Carpathians, and the northwestern part of the Pannonian basin carried out counterclockwise rotations up to 90 • during and after the main period of lateral tectonic extrusion (Márton et al., 2000) . Lateral tectonic extrusion was terminated around 13 Ma (Badenian/Sarmatian boundary; Tari et al., 1992; Dunkl and Demény, 1997; Dunkl et al., 1998) . Fault plane analyses from the eastern Eastern Alps revealed a complex story for the master faults of the extrusion pattern in the post-rift period . Some of these faults are presently active and generally show the same sense of motion as during the lateral extrusion period (see below). However, Peresson and Decker (1997) and Reinecker and Lenhard (1999) showed that, after the extrusion period, E-W compression (combined with N-S extension) inverted motion along the conjugate fault pattern. Peresson and Decker (1997) constrained the period of inversion to the Late Miocene stage and related it to soft collision in the Eastern Carpathians and stress transmission across the area of the Pannonian basin. The Pannonian basin, in turn, showed considerable post-rift subsidence (Tari et al., 1992) . Peresson and Decker (1997) related this process to stress-induced downward flexure of the loaded lithosphere.
The basin-scale inversion of the Pannonian basin system happened in two compressional phases: in Late Miocene and in Pliocene (Horváth, 1995) . Seismic profiles often show folded or tilted Late Miocene reflectors (e.g. Vida et al., 1998) , and the structural manifestations of this tectonics is even observed in the outcrop scale in the Vienna basin (Fodor, 1995; Peresson and Decker, 1997) . Faulting affected the Quaternary deposits as it was detected by high-resolution seismics by Tóth and Horváth (1999) along the rivers Danube and Tisza. The formation of Lake Balaton is also related to the young compression which created its depression (Sacchi et al., 1999) . Thus, although the elevations of the surrounding hills are not significant, we can call it an intramontane basin. Horváth and Cloething (1996) have considered the onset of the late stage compression to be latest Pliocene and Quaternary, Sacchi et al. (1999) proposed the very beginning of Pliocene. Recent stress measurements suggest a general compressional state of the Pannonian basin and the AlpineCarpathian neighbourhood (Bada et al., 1998; Gerner at al., 1999) .
The inversion process probably led to general surface uplift in the Eastern Alps, which is manifested by increased erosion in the orogenic body (Kuhlemann, 2000) . This is in line with at least 300 m of regional surface uplift established for Miocene sediment terrains in the area of the AlpineCarpathian junction (Decker, 1996) . In the Styrian basin, the western annex of the Pannonian basin, Ebner and Sachsenhofer (1991) related erosion of several hundred metres of Miocene sediment in Pliocene times to basin inversion. According to Peresson and Decker (1997) , at this time the E-W compressional regime already gave way to renewed N(NW)-S(SE) compression.
Fission track age pattern of the Eastern Alps and Western Carpathians
The fission track method was already considered in the seventies as a powerful technique to detect the low temperature evolution of exhuming metamorphic units (Fleischer et al., 1975) . Using apatite we can get information on the cooling history in the temperature range of 60 to 130 • C. This mild thermal overprint has no effect on the "classical" isotopic systems, like U/Pb, Rb/Sr, K/Ar. Another advantage of this method is that the track annealing is sensitive only to the temperature and mineral chemistry, while for example in KAr chronology the argon diffusion is also controlled by the mineral size/domain size, chemistry, fluid activity, deformation and chemical transformations (see e.g. Villa, 1998).
In their pioneering work, Wagner et al. (1977) described the cooling history of several major Alpine crystalline masses by apatite FT data measured along vertical profiles. This initiated a "boom" in the apatite FT studies in the Alps, so that they became the best investigated orogen in this respect (see, e.g. the compilation of Hunziker et al., 1992) . The authors of this paper compiled 293 apatite FT ages from the Eastern Alps. Several of these ages (54) are unpublished measurements of the Budapest, Tübingen and Bochum fission track laboratories. The published data are from Staufenberg (1987) , Hejl and Wagner (1989) , Neubauer et al. (1995) , Hejl (1997 ), Fügenschuh et al. (1997 , Dunkl and Demény (1997) , Sachsenhofer et al. (1998) , Dunkl et al. (1998) , , Grasemann and Dunkl (submitted) .
Eastern Alps
Before reviewing the apatite data we have to look over the high-temperature chronometers of the orogen. The K/Ar, Ar/Ar and Rb/Sr results measured on micas outlined the two main Alpine thermotectonic phases of the Eastern Alps: a Late Cretaceous one and a Miocene one (see compilation of Frank et al., 1987; Genser et al., 1996 and Dallmeyer et al., 1996) . The exhumation of metamorphic rocks of greenschist and amphibolite facies during late Cretaceous times set the mica chronometers in the great part of the Austroalpine nappe system between 100 and 70 Ma. There are also some islands of non-overprinted zones, where pre-Alpine ages have been preserved (see Frey et al., 1999; . The largest areas of very low-grade and low-grade Cretaceous overprint are found in the Silvretta-Ötztal Alps, Gurktal Alps and in the Wechsel region, where the typical mica ages are Variscan . The Penninic metamorphic rocks of the Tauern and Rechnitz windows show mainly Neogene mica cooling ages (Frank et al., 1987; Genser et al., 1996) .
The density of apatite FT ages allows to draw a map which is an updated and interpreted version of the work set about by Hejl and Wagner (1991) . For the compilation of such an areal projection of a 3D data set, we have to consider also the elevation of the dated samples. The vertical extent of the partial annealing zone (ca. 60-130 • C) of apatite ages is similar to the recent relief of the Eastern Alps (ca. 3 km), thus along subvertical profiles the apparent ages can be rather different (Staufenberg, 1987) . This is why we set rather long age bins in the compilation map, and for the boundaries of the age bins we have also considered the ages of the known events of the Alpine evolution (see Fig. 2 ).
The present day apatite FT age pattern of the Austroalpine areas in the Eastern Alps is a result of the superposition of the effect of Neogene exhumation and re-heating on the inherited, Late Cretaceous-Paleogene ages (Fig. 2 ). There are zones in the Austroalpine realm, where the Neogene denudation is negligible or considerably less than the depth of the apatite partial annealing zone. In these blocks (a great part of the Gurktal Alps, Koralpe, Sopron Mts.) the apparent ages are Paleogene, in places as old as 62 Ma (Hejl, 1997 (Hejl, , 1999 Grasemann and Dunkl, submitted) . Apatite FT ages younger than 20 Ma occur mainly within the Penninic Windows (Grundmann and Morteani, 1995; Staufenberg, 1987; Dunkl and Demény, 1997) where they mark the low-temperature cooling after the tectonic denudation. In the Austroalpine areas such young ages are located along fault zones (Mölltal, Periadriatic lineament), and at around the frames of the Penninic windows, where resetting of the apatite ages was caused by increased heat flow due to tectonic denudation. Miocene ages also mark intensely exhuming areas like the Niedere Tauern (Hejl, 1997; . The burial heating of the former Miocene sedimentary cover resulted in Neogene FT ages by total reset in the crystalline basement of the Pohorje mountains, in the Rechnitz window and in parts of the Wechsel structure. We emphasize that these occurrences are situated at the margins of the Pannonian basin.
Western Carpathians
K-Ar and 40 Ar/ 39 Ar white mica and biotite ages from the Western Carpathians constrain the Cretaceous tectonic overprint within greenschist and locally amphibolite facies conditions and the subsequent Late Cretaceous cooling through appropriate closure temperatures of these minerals (ca. 85-80 Ma) (Maluski et al., 1993; Dallmeyer et al., 1996) .
There are much less apatite fission track data available in the Western Carpathians than in the Alps, only Burchart (1972) , Král' (1977) Inner Western Carpathians (Bükk and Lower Tatras) have apatite ages between 89 and 40 Ma; the Fatra Mts. show FT data of Early Miocene age and the outermost crystalline block, the High Tatra Mts., has ages between 15 and 10 Ma (Fig. 2) .
A brief methodology
Unfortunately, the above presented data set has a limited value. These ages are partly rather old and express post-metamorphic cooling below ∼100 • C during Late Cretaceous-Paleogene time. The Neogene FT ages are also not too informative for the latest period and a great part of them is situated far away from the Pannonian basin: around the Tauern structure and in the Outer Western Carpathians (High Tatra). The majority of the ages in the compilation presented above are only apparent ages, without confined track length measurements. Why has the track length distribution a special role in the interpretation of the apatite FT ages? Wagner (1979) classified the mechanism of the formation of FT ages into three main groups (Fig. 3) . The "formation ages" are expressing the age of a volcanic rock, when the cooling rate is very high and no track annealing takes place after the formation of a lava or ash layer. The "slow cooling" mechanism is typical for intrusive and metamorphic bodies, where the final exhumation may succeed the thermal climax after a long time span. In this case the meaning of the apparent age is approached by the closure temperature concept (Dodson, 1973) . The "mixed ages" are formed when a rock body spent relative long time in the partial annealing zone, either by stagnation during exhumation or due to the mild thermal effect of a burial period. These ages can not be related to a given event. The meaning of such mixed ages can be revealed by the analysis of the track lengths. Shortening of fission tracks was first observed by Bigazzi (1967) , the systematic research of this phenomenon has started in the eighties (Laslett et al., 1987) . Studies of natural annealing sites and sequences of laboratory experiments were used to reveal the time/temperature dependence of track shortening in apatite. The etchable length of the unshortened tracks is around 15 µm, this is the typical value for fast cooling rocks with formation ages (Fig. 3) . By progress of thermal annealing, the mean value becomes shorter and the length distribution gives a mirror on the thermal history.
Several annealing kinetics have been presented (Laslett et al., 1987; Carlson, 1990; Crowley et al., 1991; Donelick et al., 1999) , which are used in computer modeling procedures in order to reveal the thermal history. Usually forward mod- Fig. 3 . The three main classes of fission track ages, after Wagner (1979) . Our case studies (sediment burial with mild thermal overprint) result mainly in mixed ages.
eling is used to create synthetic apparent FT ages and track length distributions from a supposed time/temperature path (Willet, 1992; Gallagher, 1993; Ketcham et al., 2000) . Statistical tests give numeric values to evaluate the reliability of the supposed thermal path. Repeated calculations can yield several acceptable time/temperature (tT) paths, which form a belt in a graphical presentation and which we will call a "tTenvelope" below. Using length measurements and this kind of computer calculations, the rather limited meaning of the simple apparent ages formed by "slow cooling" or "complex cooling" can be extended and the FT data can tell a thermal history (Gleadow et al., 1983) . In our studies, we used the Laslett's annealing kinetics for modeling, and in cases, in which the chemical composition of the dated apatite grains (chlorine-fluorine substitution) was measured by electron microprobe, the Donelick's kinetics was considered. Both the MonteTrax and the AftSolve computer programs were used (Gallagher, 1993; Ketcham et al., 2000) .
In many cases there are only two points available in the tT space: the age and temperature of the last metamorphic event, and the point representing the recent situation (0 Ma and the annual mean temperature). The low numbers of parameters of the FT data allows to create rather broad tTenvelopes, by other words, several alternatives exist and different tT paths result in very similar track annealing (Fig. 4a) . If the history of the vertical movements is complex and if, after the last metamorphism, the crystalline rocks were buried by a sedimentary pile, we can fix additional point(s) on the tT plot. These can be the beginning of sedimentation, beginning of sediment removal, age of maximum burial and the maximum temperature deduced from organic maturation in the sediments. Using these constraints as fix points, thermal modeling gives much narrower tT-envelopes than in the case Fig. 4 . Schematic cartoons presenting (a) the thermal modeling of the cooling of a metamorphic rock, when no additional knowledge exists on the trend of exhumation. The tT (time-temperature) envelope covering the acceptable thermal paths can be rather broad due to the few constraints. In case when one can insert the age of sedimentation (b) as an additional invariable point and when the organic maturation gives a limit for the maximum of the post-depositional temperature (c) the duration of the final effective heating can be estimated more precisely.
of the two-point-modelings. Especially important in the survey of young thermal events is that by fixing the tT point of sedimentation we get good temperature constraints for the burial temperature of the latest period (Fig. 4b) . If the maximum temperature is also known the timing of the burial tem-perature becomes even more constrained (Fig. 4c) .
It is common in all studies presented below, that they concern such a geologic situation, in which crystalline rocks were buried by Neogene sedimentary sequences and later this cover was partially or fully removed by erosion. In all cases field observation and/or seismic profiles give evidence of young uplift and sometimes the increased vitrinite reflectance proves the high burial temperature. The fission track results are mainly mixed ages formed by the shorter or longer stay in the partial annealing zone (see Fig. 3 ). By thermal modeling of FT data we made an approach to date and quantify the paleo-burial. The most dubious point of these calculations is the conversion of the maximum temperature to maximum burial or the tT-envelope to burial history. Here we reach the problematics of the paleo-geothermal gradient. The Early Miocene extension and subsidence, which produced depressions for sediment accumulation was accompanied by an extreme increase of the heat flow (Ebner and Sachsenhofer, 1995) . The syn-rift volcanism (Szabó et al., 1992; Sachsenhofer et al., 1997) resulted also in numerous local anomalies. The paleo-heat flow can be estimated, when a vertical profile of the indicators of thermal overprint is preserved in the Neogene sediments. Such vitrinite reflectance profiles can be measured in the central parts of the subbasins like in the Styrian basin (Ebner and Sachsenhofer, 1995) . However, in our research area along the exhumed margin of the Pannonian basin, the sediment remnants are generally thin and the determination of vertical trends is impossible. Thus, in some cases we had to apply the heat flow history on the exhumed basal sequences, which was determined on the central part of the (sub)basins. It may introduce some error into the calculations. The trend of cessation of the heat flow and the age of erosion is also not exactly known, but the apatite fission track chronometer could fix the age of final cooling in some cases of the following studies.
Uplift estimates along the western and northern margin of the Pannonian basin

Pohorje and Kozjak mountains and the Boc area, Slovenia
Geology
The crystalline core of these mountains is composed of Austroalpine metamorphic rocks and Oligocene intrusives. At the slopes, Miocene sediments are onlapping and form erosional remnants (Jelen et al., 1992) . Vitrinite reflectance of the Middle Miocene sediments exposed at the surface have values of up to Ro = 2.5% (Sachsenhofer et el., 1998) . These data indicate a strong thermal overprint and also infer sedimentary burial, since the thermal blanketing of the sediment cover is necessary to locally exceed the temperature of Sachsenhofer et al., 1998) . The basin remnants are dissected (Fodor et al., 1998 (Fodor et al., , 1999 , the depths of Late-and Post-Miocene erosion probably vary between the structural slabs.
Fission track data
Total post-depositional reset can be found in some zones of the Neogene sequence, the apparent apatite ages are around 13.7 Ma and 11.8 Ma in the Pohorje and Boc regions, respectively (Sachsenhofer et al., 2001) . The track length distributions indicate minor shortening, thus the FT ages can be interpreted as the result of relatively rapid cooling in latest Badenian-Sarmatian time. The ages are in excellent agreement with the modeled heat flow history of Sachsenhofer (1994) and the known age of the cessation of the extensional movements in the western Pannonian sub-basins recorded by seismic studies (Tari et al., 1992) . The unreset sediments contain apatite grains usually 2-3 Ma older than the age of sedimentation, which indicates an intense exhumation process in the immediate vicinity of the basin in Early-Middle Miocene time.
Calculated burial history
Deep Neogene sediment burial of the Pohorje and Kozjak region is evident from the vitrinite data and from the reset of the apatite FT clock. Estimation of the burial depth is mainly controlled by the assumed heat flow history. The calculation is based on the measured thermal conductivity of the Neogene sediments (Dövényi and Horváth, 1988) . The presence of syn-rift volcanic formations and the vertical profile of the vitrinite reflectance values indicate an increased Middle Miocene heat flow. Ebner and Sachsenhofer (1995) and Sachsenhofer (1994) have calculated heat flow values of >300 mW/m 2 in the surrounding of the stratovolcanoes and a general increase to the range of 100-150 mW/m 2 for the central part of the Styrian basin. Using these figures, the syn-and post-rift burial of the recently exhumed Slovenian basement highs is calculated to be around 1000-1500 m.
Surroundings of the Rechnitz window
Geology
In the Rechnitz window Penninic metasedimentary units are exposed which underwent Tertiary metamorphism. During tectonic denudation (Early to Middle Miocene, Dunkl and Demény, 1997) , the hanging wall formed an extensional allochthon with very rugged surface. Boulders in the conglomerate sequences and the strongly undulating relief of the basement of Neogene basin fill are proof of intense normal faulting (Pahr, 1984; Ratschbacher et al., 1990) . The organic maturation of the Neogene sequences proves a thermal overprint, the vitrinite values in some parts of the syn-rift sediments are as high as Ro = 1.04% (Sachsenhofer, 1991) . 
Fission track data
Unfortunately, the Penninic mafic rocks are rather poor in uranium, thus, precise apatite FT dating is impossible. Samples of few tracks yield ages around 10 Ma. The reset Miocene sedimentary samples gave an average apatite age of 13.6±0.9 Ma . Confined track length distributions indicate fast cooling at around 12 Ma and that later the temperature of the base of the Miocene sedimentary sequence was lower than the thermal range of track annealing (Grasemann and Dunkl, submitted) . It is remarkable that this age is rather close to the apparent ages of the reset samples around the Pohorje-Kozjak Mountains (see above; Sachsenhofer et al., 1998) . The main reason of the temperature drop is the cessation of the high, extension-related heat flow. However, the beginning of the denudation is also already possible at that time as Horváth (1995) has reported noticeable intra-basinal erosion in the Pannonian realm (11-9 Ma).
Calculated burial history
The total reset of the apatite FT ages and the high vitrinite reflectance values prove that the post-Early Miocene burial temperature at the bottom of several sub-basins exceeded ∼120 • C. At the margin of the Rechnitz window, advection of the rising hot Penninic footwall increased the heat flow in the hanging wall. The heat flow reached the range of 140-150 mW/m 2 in the immediate vicinity of the window . The calculated maximum burial was between 1.1 and 1.6 km in the rifting period. However, these figures are valid only for a relatively small area. The extrapolation of these modeled values to a broader region of the Rechnitz window is problematic, since both the heat flow (Grasemann and Dunkl, submitted) and the depth of the basin formed along the extensional structure were rather irregular (Flügel, 1988) .
Sopron Mountains
Geology
These localities are belonging to the easternmost, islandlike exposures of the Austroalpine nappe pile, composed of metamorphic rocks of greenschist and amphibolite facies (Lelkes-Felvári et al., 1983) . The partly eroded Middle Miocene sedimentary cover consists of coarse conglomerate, coal seams and shallow marine carbonates. Unfortunately, there are no published data on the grade of organic maturation. The depth of the Neogene basin is strongly irregular; in a distance of 8 km -between the crystalline islands -the thickness of the molasse sediments may change from 0 to 1500 m (Fülöp, 1990 ). This variation is the result of Late Miocene normal faulting which is also responsible for the exhumation of the crystalline basement in the island hills. A ∼40 • rotation of the paleomagnetic declinations of the Pannonian strata (8 Ma) gives further evidence for intense Late Miocene-Pliocene tectonics (E. Márton, written comm., 1999). The regional scale of the exhumation and the much broader extent of the Neogene sediments in former times is obvious, if we consider the distribution of the intramontane basin remnants in the surroundings (Fig. 5 ).
Fission track data
The apatite apparent FT ages range between 40 and 60 Ma (Dunkl, 1992) , and the confined track length distributions show relatively minor bulk shortening and small standard deviation (mean: 14.0±1.0 µm -500 tracks). The lack of strongly shortened tracks refers the rapid cooling during Paleogene times and the long stay of the recently exposed rocks in the track stability zone (<50 • C). However, the overall shortening indicates some young thermal overprint.
Calculated burial history
The total reset of the apatite FT ages and the high coal rank as it was observed in the surroundings of the Slovenian crystalline hills and the Rechnitz window are missing around Sopron. In this zone, the Neogene molasse was sedimented on a passively behaving basement, no rifting and volcanic activity is known from this region. The apparent ages and the track length distribution mirror a longer time period than the Late Neogene burial; a part of the shortened tracks was already formed in the Early Tertiary. This is the reason that the effect of the Late Neogene burial heating cannot be extracted so exactly as in case of the samples which underwent Miocene total resetting. Thermal modeling of the FT data shows mild re-heating with peak temperatures around 60 • C. There is no indication to suppose a strongly increased geothermal gradient, thus a value of 50 • C/km was used for the burial estimation. The value of 41.6 • C/km applied by Dövényi and Horváth (1988) is rather expressing the recent thermal state of the Danube basin, east of our site, where Neogene extension is pronounced and subsidence was even active in Quaternary times. The estimated value of ∼1 km for the maximum burial is in harmony with the thickness of the sedimentary remnants in the non-uplifted small basins and sedimentary embayments around Sopron (Fülöp, 1990) .
Fertörákos hills
These hills are situated in the immediate vicinity of the Sopron Mts. and the geological situation and the geochronological data show a similar picture (Frank et al., 1996) . The major difference between the Sopron and Fertörákos crystalline basement is that they represent different levels within the Austroalpine nappe pile (Frank et al., 1986) . The quality of the FT data are similar to those of the Sopron Mts., but one factor causes a bit more complication: some of the samples were derived from a depth of 720 m from the borehole Fr-1004. Thus, the calculation of the paleo-burial is additionally biased by the different conductivity of the crystalline and the slightly consolidated sedimentary rocks. The estimated paleo-burial is around 1 km.
Nógrád region
Geology
The crystalline basement of the Vepor unit is covered by a 500-2000 m thick Oligo-Miocene sedimentary sequence. At the investigated site (Szécsény) the actual burial is 800 m. The region is under intense denudation, the hill slopes are steep and landslides are typical for this area. The erosion exposes different levels of the molasse sequence (Csiky, 1968) .
Fission track data
The dated crystalline samples derived from the base of the sedimentary fill and yield ∼46 Ma apparent apatite ages (Dunkl, 1993) . The overall track shortening is very pronounced (mean: 12.0±1.4 µm -60 tracks). The recent temperature of 42 • C is not sufficient to create such track shortening. Therefore, it is obvious that the temperature of the top of the basement significantly exceeded the present value during Late Miocene-Pliocene times.
Calculated burial history
The most contrasting fact of this geological situation to the Alpine foothills is that the age of the cover sediments is slightly older here, i.e. Egerien (∼25 Ma). Thermal modeling gives a good fit to the observed figures when the Miocene burial temperature is in the range of 75-90 • C and cooling started not earlier than 5 Ma ago. For the conversion of the temperature data to depth, we have to consider that the region was penetrated by andesite dikes during Middle Miocene time. However, Horváth et al. (1986) have proved that the thermal effect of these thin dikes is very local, and therefore they probably did not significantly increase the geothermal gradient of the whole region. For the estimation of the maximum burial we can take the recent geothermal gradient of the region. Dövényi and Horváth (1988) determined 54.6 • C/km for the area immediately south of our site, the map of Stegena (1979) indicates a value of 47 • C/km. The paleo-burial calculations result in ranges between 1-1.2 km and 1.1-1.3 km, respectively. These figures seem reliable as they are similar to the thickness of the missing upper part of the molasse sequence. The low-grade metamorphic Paleozoic rocks of the Bükk Mountains (Árkai, 1991) were exhumed to the surface during the Paleogene, and the marine Eocene cover sediments indicate its first burial. Perfect biostratigraphical and sedimentological data record this event (reviewed in Dunkl et al., 1994) . Then Miocene sedimentation covered the basement which is deeply eroded today. The karstic plateau of the Bükk mountains has an elevation of ∼800 m a.s.l., and seismic studies prove that the great part of this uplift happened in Pliocene-Quaternary times (Tari, 1988 ).
Fission track data
The apparent apatite ages range between 32 and 65 Ma depending on the structural unit, chemical composition and elevation of the samples (Árkai et al., 1995) . Track length distributions show mild overall shortening.
Calculated burial history
Due to the precise Tertiary stratigraphy and sedimentological control around the exhumed plateau it was possible to consider several independent information for the timing of the burial periods. The latest, Miocene burial was rather mild and caused only slight track shortening. In the calculation of the burial depth we can consider a rather cool geothermal situation above the buried Paleozoic and Mesozoic rocks. Thus, the estimated Late Miocene burial was around 1 km.
Discussion and conclusions
Fission track thermochronology and modeling of the raw data yield valuable information on the latest thermal overprint on the crystalline marginal hills of the western Pannonian basin. The results on the quantification of the postEarly Miocene burial are in harmony with the stratigraphic and structural data. An important paleo-geographic consequence can be drawn from the burial data: the extent of the Neogene sediments of the Pannonian basin was much wider during Middle and Late Miocene times than suggested by the present-day exposures. A belt of at least 40 km in width of removed sediments can be considered along the western margin. Beyond the burial of the Pohorje-Kozjak, Rechnitz and Sopron-Fertörákos regions, we suppose that the Koralpe, the Paleozoic of Graz and the entire Wechsel region were also under molasse coverage (Fig. 6 ). According to the Late Miocene facies pattern and morphological observations the central parts of the Bakony, Börzsöny and Mátra mountains formed islands (Pécsi, 1991; Báldi-Beke et al., 1980; Jámbor, 1980; and pers. comm. D. Karátson, 2001) , while the entire Bükk was under sediment coverage. The red clay, some badly dated gravel occurrences and the planation surfaces (Nock paleosurface, Exner, 1949 ) also indicate that a part of the Eastern Alps further to the west was also covered by sediments (Thiedig, 1970) . The following conclusions can be drawn from the thermochronologic and structural data:
-The Pliocene-Quaternary compressional tectonics has a lot of surface manifestations. The major part of the western Pannonian basin is inverted, and presently the Neogene sediments are under denudation in big areas.
-Isolated sediment remnants of Miocene age both in the Eastern Alps and in the Inner Western Carpathians prove the former broader extent of the sedimentary cover.
-Thermal modeling of apatite fission track data from selected sites on top of the basement at the immediate contact to the covering and partly eroded Neogene sediments yield essential information on the thermal history of the latest burial period. The integrated annealing effects of burial heating allows to conclude that paleoburial during Middle-Late Miocene and Pliocene times was in the range of 1-1.5 km in the recently exhumed foothills of the Eastern Alps and the Western Carpathians (Fig. 7) .
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